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gene expression, but that these effects vary between the earlyPost-natal ontogeny of stanniocalcin gene expression in rodent
and late segments of the collecting duct.kidney and regulation by dietary calcium and phosphate.
Background. Stanniocalcin (STC) is a polypeptide hormone
first discovered in fish and more recently in mammals. In mam-
mals, STC is produced in many tissues and does not normally
Stanniocalcin is a polypeptide hormone that was firstcirculate in the blood. In kidney and gut, STC regulates phos-
discovered in bony fish [1]. In fish, STC circulates in thephate fluxes across the transporting epithelia, whereas in brain
it protects neurons against cerebral ischemia and promotes neu- blood and prevents hypercalcemia by reducing Ca2
ronal cell differentiation. The gene is highly expressed in ovary transport by the gills and gut into the extracellular com-
and dramatically up-regulated during pregnancy and nursing. partment [1–3] and by increasing inorganic phosphateGene expression also is high during mammalian embryogene-
reabsorption by the proximal tubules [4]. The mamma-sis, particularly in kidney where the hormone signals between
lian form of STC is structurally homologous and thereepithelial and mesenchymal cells during nephrogenesis.
Methods. This study examined the patterns of STC gene is conservation in terms of actions as well, but mamma-
expression and protein distribution in the mouse kidney over lian STC generally signals locally [5]. Furthermore, one
the course of post-natal development. Further, because STC
of the more intriguing facets of mammalian STC biologyis a regulator of renal phosphate transport, we also examined
lies in the clearcut discrepancy that exists between tissuethe effects of changing levels of dietary calcium and phosphate
on renal levels of STC gene expression in adult rats. patterns of mRNA and protein localization. In kidney,
Results. STC mRNA levels in the neonate kidney were for instance, high levels of STC immunoreactivity (STCir)
found to be tenfold higher than adults. Isotopic in situ hybrid- are found in most nephron segments except for the proxi-ization of neonate kidneys revealed that most, if not all, STC
mal convoluted tubules and the loops of Henle [6, 7].mRNA was confined to collecting duct (CD) cells, as is the
However, gene expression is confined to collecting ductcase in adults. STC protein on the other hand was found in
proximal tubule, thick ascending limb and distal tubules in principal cells [7]. This same discrepancy in mRNA and
addition to CD cells. This suggests that, as in adults, the more protein localization is seen in other tissues as well, such
proximal nephron segments in neonates are targeted by CD- as ovary, cartilage and embryonic kidney [8, 9]. As aderived STC and sequester large amounts of hormone. The
consequence, our working hypothesis is that cells withaddition of 1% calcium gluconate to the drinking water signifi-
high levels of STCir but no mRNA are targets of STC,cantly reduced STC mRNA levels in inner medullary CD cells
of both males and females, but not those in the cortex and and that they sequester the hormone for reasons that
outer medulla. Placing animals on low phosphate diets also have yet to be determined. In kidney, therefore, collect-
reduced STC mRNA levels, but uniquely in outer medullary ing duct cell-derived STC signals the proximal tubulesand cortical CD cells, whereas a high phosphate diet increased
to increase the rate of phosphate reabsorption just astranscript levels in the same regions.
the hormone does in fishes via an endocrine pathway.Conclusions. These findings suggest that STC may be of
unique importance to neonates. They also suggest that changes In both cases the mechanism of action appears to involve
in dietary calcium and phosphate can alter renal levels of STC an up-regulation Npt2 transporter activity [4, 10, 11]. In
early embryonic kidney, on the other hand, the gene is
highly expressed in mesenchymal cells and accumulatesKey words: stanniocalcin, calcium, phosphate, gene expression, neph-
rogenesis, polypeptide hormone, collecting duct. in the nephron epithelium, which is highly suggestive of
its having a role in tubulogenesis [9]. Later in develop-
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regulated in response to hypertonic stress [12]. Collec- BioMax film (Eastman Kodak Company, Rochester,
NY, USA). Blots were then re-probed with a 32P-labeledtively it appears that the effects of STC on renal function
likely are multifaceted. The hormone is produced by and cDNA encoding 318 bp of open reading frame encoding
mouse aquaporin II (kindly supplied by Dr. Andrewoperative in other tissues as well. In the brain STC plays
a role in neuronal cell differentiation, and by increasing Watson, Department of Physiology, University of West-
ern Ontario, Canada). Loading was normalized by re-the rate of phosphate uptake can protect neurons from
ischemic insult [13, 14]. Except in pregnant and lactating probing the blots with a 32P-labeled 18S ribosomal RNA
cDNA probe and expressing the levels of STC mRNAfemales, however, mammalian serum is generally free of
immunoreactive STC, and hence most of its actions are as STC/18S ratios.
believed to be confined to those tissues producing the
In situ hybridization and Immunocytochemistryhormone [15, 16].
Our work is focused on elucidating STC function in The kidneys of 1-, 5-, and 14-day-old pups were fixed
overnight at 4C in 4% paraformaldehyde in phosphate-the vertebrate kidney and, in particular, the degree to
which function has been conserved between fishes and buffered saline (PBS; pH 7.5), dehydrated and embedded
in paraffin, and sectioned at 6 microns for immunocyto-mammals. We have mapped the renal distributions of
STC mRNA and protein in adult and embryonic kidney, chemistry (ICC) and in situ hybridization (ISH). In situ
hybridization was carried out using a previously estab-and demonstrated the stimulatory effects of exogenous
STC on renal phosphate transport, using rodents as the lished protocol employing an 815 bp cDNA encoding
247 amino acids of mouse STC for generating sense andexperimental model [6, 7, 9, 11, 17]. What has not yet
been examined, however, is the pattern of gene expres- antisense riboprobes [7, 15]. The plasmid was linearized
with restriction enzymes for the synthesis of sense andsion post-natally. This could be important as kidney de-
velopment is only completed post-natally and many genes antisense cRNAs to a specific activity of 1 to 3  108
cpm/mg of RNA with 35S-UTP according to the manufac-that are critical to renal function are dynamically regu-
lated upwards or downwards between birth and adult- turer’s instructions (Pharmacia Biotech, Quebec, Canada).
Briefly, hydrated tissue sections were treated with pro-hood. Furthermore, there is little if any available infor-
mation on the factors that are important in regulating teinase K, post-fixed in 4% paraformaldehyde, ace-
tylated, dried and then hybridized overnight at 50C inrenal STC gene expression. Our current report monitored
the levels of gene expression during post-natal develop- a solution of 50% formamide, 0.4 mol/L NaCl, 10 mmol/L
Tris-HCl pH 8.0, 1 mmol/L ethylenediaminetetraaceticment (1 to 28 days). Furthermore, because STC appears
to have a role in mineral homeostasis, we also monitored acid (EDTA) pH 8.0, 1Denhardt’s solution, 10% dex-
tran sulfate, 20 mmol/L dithiothreitol (DTT), 600 g/mLthe effects of changing the levels of dietary Ca2 and
phosphate on STC mRNA levels. The results further denatured yeast transfer RNA, and 0.1 g labeled RNA
probe/mL solution. Following extensive post-hybridiza-implicate STC in mineral homeostasis in mammals.
tion washes, single stranded riboprobe was digested with
RNase A. Slides were finally dehydrated, air-dried,
METHODS
dipped in Kodak NBT2 nuclear track emulsion and then
STC gene expression in the mouse kidney during stored at 4C in light-tight boxes containing silica gel as
post-natal development desiccant for 13 to 21 days. Slides were developed in
Kodak D-19, counterstained with Harris’ hematoxylin,Standardized timed mating schemes were arranged
between 6-week-old CD-1 mice and pregnancies were dehydrated and mounted under coverslips.
The antiserum employed for ICC was generated in rab-carried to term. Litters were then sacrificed at various
times after birth by gassing with CO2. The kidneys were bits against baculovirus-expressed recombinant hSTC
and has been extensively characterized by ICC, Westernremoved and subjected to Northern blot analysis to char-
acterize the pattern of STC gene expression during post- blot analysis and radioimmunoassay for specificity in hu-
mans and rodents [5–7, 10, 15–17]. The antiserum didnatal development (1, 5, 14 and 28 days). On account of
their small size the kidneys of 1- and 5-day-old mice not recognize STCrP (STC2) when employed in our STC
radioimmunoassay at concentrations as high as 1 g/mL,were pooled for the isolation of total RNA. Total RNA
was extracted in Trizol Reagent (Gibco-BRL, Burling- or as the primary antiserum in Western blots (data not
shown). For ICC staining, slides were deparaffinized,ton, Ontario, Canada) and loaded onto 3% formalde-
hyde-1% agarose denaturing gels (20 g/lane). Resolved rehydrated, and endogenous peroxidase activity was
quenched by a 30 minute treatment in 0.3% peroxidaseRNA was transferred onto nitrocellulose membrane (Mi-
cron Separations Inc., Westborough, MA, USA), baked in methanol. The staining procedure involved pretreat-
ment of tissue sections with 10% normal goat serumand hybridized overnight against a 32P-labeled mSTC
cDNA probe under high stringency conditions as pre- in diluent buffer (PBS) to reduce non-specific staining,
followed by an overnight incubation at 4C with a 1:1000viously described [16], washed and exposed to Kodak
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dilution the antiserum. Sites of antibody binding were
then visualized with the ABC Peroxidase detection sys-
tem according to the manufacturer’s instructions (Vector
Labs, Burlingame, CA, USA). Slides were counterstained
with Harris’ hematoxylin, dehydrated and mounted. Con-
trol procedures involved the application of antiserum
preabsorbed with hSTC (1 mg/mL) in lieu of antiserum
alone. Digital images were captured using a SPOT cam-
era (Diagnostic Instruments, Sterling Heights, MI, USA).
Effects of changing levels of dietary calcium and
phosphate on STC gene expression in rodent kidney
On account of their greater size and yield of kidney
tissue, adult Wistar rats were used to examine the possi-
ble effects of changes in the levels of dietary calcium
and phosphate.
To examine the effects of changing dietary calcium
animals were maintained on regular rat chow and drink-
ing water with or without 1% calcium gluconate for one,
three and six days. After sacrificing the animals with CO2
the kidneys were removed and split sagittally, in order Fig. 1. Stanniocalcin (STC) and aquaporin 2 mRNA levels in post-natal
to dissect the papillary region from the rest of the kidney. developing mouse kidney. Shown at top is the Northern blot following
sequential hybridization to a mouse STC, mouse aquaporin 2 (AQ2)Total RNA was extracted immediately from each papil-
and 18S ribosomal RNA cDNA probes. Individual lanes contain 20 g/
lary kidney sample as previously described [16]. The lane of total RNA from 1-, 5-, 14-, and 28-day-old mouse kidney. The
lanes for the 1- and 5-day-old kidney each contain four to five differentremaining kidney tissue comprising the outer medulla
pools of kidney total RNA. At the bottom is a graphical display of theand cortex was subjected to RNA extraction by the same
STC/18S and AQ2/18S ratios for STC () and AQ2 (). Compared
method. In the case of females, the ovaries also were to adults (28 days), the levels of STC gene expression were tenfold
higher in neonate kidneys, eightfold higher at 5 days, and 4.5-fold higherremoved and extracted for total RNA.
at 14 days post-natally. In contrast, the levels of AQ2 progressivelyTo examine the effects of changing dietary phosphate increased up to 14 days and then leveled off in adults. Analysis of
levels on STC mRNA levels, animals were maintained variance followed by the SNK test revealed significant differences be-
tween STC mRNA levels as shown. Groups with common letters areon either a high, low or normal phosphate diet for one
significantly different than one another (P  0.05).
and three days. All dietary formulations were from Har-
lan Teklad (Madison, WI, USA). The normal phosphate
dietary formulation (TD 86129) provided 1% each of
RESULTScalcium and phosphate, whereas the high phosphate diet
(TD 88345) provided 1% calcium and 1.65% phosphate. STC gene expression during post-natal development
The phosphate-deficient diet (TD 86128) provided 1% As the STC gene is highly expressed in the kidneys
calcium and0.1% phosphate. As in the calcium experi- during mouse embryonic development and also is ex-
ments described above, after one and three days the rats pressed in adult kidney, we were interested in character-
were sacrificed and the kidneys were removed and dis- izing the pattern of gene expression between these two
sected for extraction of total RNA. The phosphate diet stages in life history; namely during the period post-
experiments were carried out on male rats only. For the natally up until adulthood. The resulting Northern blot
dietary studies, Northern blot analysis was performed and corresponding densitometric analysis is shown in
as described above and membranes were sequentially Figure 1, where STC mRNA levels were significantly dif-
hybridized to cDNA probes for mouse STC and 18S ferent over the course of post-natal development (P 
ribosomal RNA. 0.001; ANOVA). Here it can be seen that STC mRNA
levels were highest in neonate and 5-day-old pups, and
Statistical analysis then declined progressively over time as the animals ma-
The data from the Northern blotting and serum elec- tured. Compared to adults, the level of STC gene expres-
trolyte analyses were analyzed by analysis of variance sion was tenfold higher in the neonate (P  0.05; SNK),
(ANOVA) followed by a two-tailed Dunnet’s test or the eightfold higher in 5-day-old pups (P  0.05; SNK), and
Student-Newman-Keuls (SNK) test where appropriate. 4.5 fold higher in 14-day-old pups, when normalized against
18S ribosomal RNA levels. In contrast, as in humansGroups were considered significantly different if P 0.05.
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and rats, the levels of aquaporin II mRNA were lowest persisted after three days (40% reduction, P 0.05) and
six days of treatment (44% reduction, P  0.05). It wasin neonates, increased progressively up until day 14, and
leveled off thereafter. also interesting to note how renal STC mRNA levels
declined progressively over time in male and female con-If additional tubular segments expressed the STC gene
in addition to the collecting ducts, it would be one possi- trol and calcium-treated animals, demonstrating that the
level of gene expression in the kidneys can change con-ble cause for the higher level of expression in neonates.
Therefore, ISH and ICC analyses were performed on siderably over time (Figs. 3 and 5).
Interestingly, calcium gluconate had no effect on ovar-neonate kidneys to determine if this indeed was the case.
Instead, we found that STC mRNA was exclusively local- ian STC mRNA levels after one day, but had a stimula-
tory effect after three days (Fig. 6; P  0.05). Hence,ized to cortical and medullary collecting duct cells of the
neonate kidney (Fig. 2), as already observed in adult and the inhibitory effects of calcium on STC gene expression
were unique to kidney and greatest in inner medullaryembryonic kidney [7, 9]. Similarly, immunocytochemis-
try revealed that in addition to collecting duct cells (CD), collecting duct cells. Calcium gluconate treatment did
not produce any significant changes in serum calciumSTC immunoreactivity (STCir) was equally evident in
proximal tubule cells and glomerular mesangial cells after one, three or six days of treatment (Table 1).
(Fig. 2F), suggesting that the latter are targets of CD-
Effects of changing dietary phosphate on renal STCderived STC and sequester it to the extent that it can
mRNA levelsbe detected by ICC. Developing nephron segments in
the nephrogenic zone also sequestered the hormone Short-term changes in dietary phosphate had pro-
nounced effects on plasma calcium and phosphate levels(Fig. 2E). A similar pattern of ISH and non-correlative
ICC was also observed in ureter, where STC mRNA was as shown in Table 2. The low phosphate diet produced
significant elevations in serum calcium levels at one andexclusively found in smooth muscle cells (Fig. 2C) and
targeted to/sequestered by transitional epithelial cells of three days, and depressed serum phosphate levels in
the mucosa (Fig. 2E; inset). No specific hybridization was agreement with previous studies [17]. The high phos-
observed when sense probes were used in ISH (Fig. 2B; phate diet only produced hypocalcemia after three days
inset). When ICC was carried out on 5- and 14-day-old of treatment and did not significantly alter serum phos-
kidneys (Fig. 2 G, H) the tubular pattern of STC protein phate levels (Table 2). Changes in dietary phosphate had
localization was similar to that seen in adult kidney. STC modest effects on renal STC mRNA levels. Furthermore,
protein staining was particularly evident in the proximal the effects were only evident in cortical and outer medul-
straight tubules of the 5-day kidney (Fig. 2G), but was lary kidney. The results of this study are shown in Fig-
more evenly distributed throughout the nephrons of 14 ure 7. The low phosphate diet suppressed STC mRNA
day-old-mice, save for the loops of Henle (Fig. 2H). levels in cortical and outer medullary kidney after one
Therefore, in spite of the higher levels of STC mRNA (P  0.05) and three days (P  0.05), whereas the high
in collecting duct cells, the protein distribution was not phosphate diet increased the levels of expression, but
markedly different than in adults. No ICC staining was only after three days (P  0.05). Neither diet had an ef-
observed when the primary antiserum was pre-absorbed fect on STC gene expression in inner medullary kidney
with excess hSTC or non-immune serum was employed (data not shown). Furthermore, neither diet had an effect
(not shown). on renal STC protein levels as measured by STC radio-
immunoassay (results not shown).
Effects of increased dietary calcium on renal STC
mRNA levels
DISCUSSIONThe effects of increased dietary calcium on STC mRNA
By embryonic day 16.5 (E16.5) in the developing mouselevels in female papillary kidney are shown in Figure 3.
kidney, a pattern of STC gene expression is establishedAfter one and three days of 1% calcium in the drinking
that persists into adulthood. Using isotopic ISH, we havewater, STC mRNA levels in papillary kidney were re-
established that from this point onwards, the STC geneduced by 35% (P  0.05) and 37% (P  0.05), respec-
is expressed exclusively in collecting duct cells with notively. An effect of calcium was not evident, however,
evidence of expression elsewhere [7, 9]. However, be-when STC mRNA levels were quantified in the remain-
cause there are equally high levels of STCir in nephroning cortical and outer medullary kidney tissue (Fig. 4).
segments that do not express the gene (proximal straightSimilar effects of calcium gluconate also were obtained
tubules, cortical thick ascending limbs and distal convo-in male rats (Fig. 5), where the effects persisted for up
luted tubules), we have concluded that the latter areto six days of treatment. Within 24 hours, STC mRNA
targeted by collecting duct-derived STC and sequesterlevels in the inner medulla of males were significantly
the protein to the extent that it is detectable by immuno-reduced in the high calcium group by 46% as compared
to the time controls (Fig. 5; P  0.05). The same pattern cytochemistry [6, 7]. In the case of proximal tubule, one
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Fig. 3. Increased dietary Ca2 reduces STC
mRNA levels in female inner medullary kid-
ney. Adult Wistar rats were maintained on
regular chow with or without 1% calcium glu-
conate in the drinking water for 1 and 3 days,
and STC mRNA levels in inner medullary kid-
ney were quantified by Northern analysis (50
g/lane of total RNA). Calcium significantly
reduced mRNA levels at both time points
(*P 0.05). Note also how renal STC mRNA
levels changed over time in untreated animals
(2 fold between days 1 and 3). These effects
were specific to inner medullary kidney, as
calcium gluconate treatment had no effect on
STC mRNA levels in the remaining kidney
tissue (not shown). N  6 rats per group.
effect of the hormone is on renal phosphate reabsorp- importance during the first two weeks of post-natal life.
Our findings show that the levels of STC mRNA in thetion, as the administration of recombinant human STC
to adult Wistar rats causes a doubling in proximal tubular neonate kidney were tenfold higher than in adults, and
ISH revealed that, as in adults, most if not all of thisNpt2 activity and increased fractional reabsorption of
phosphate [10, 11]. gene activity was confined to collecting duct cells. This
higher level of expression may in part be developmen-Stanniocalcin also has a yet to be defined role in mam-
malian nephrogenesis. Between E10.5 and E14.5, the pro- tally related, as mammalian nephrogenesis is only final-
ized post-natally [18]. The presence of STCir in the neph-tein is produced in undifferentiated mesenchyme cells
and targeted to ureteric bud epithelial cells, presumably rogenic zone of the neonate kidney tends to support this
viewpoint. However, the higher level of expression alsoto aid in their growth and differentiation into collecting
duct cells [9]. Coincident with the kidneys becoming may be due to the greater nutritional requirements of
neonates, particularly for calcium and phosphate [19]. Itfunctional on E16.5, however, the STC gene is down-
regulated in mesenchyme cells and up-regulated in col- is well established that the levels of Npt2 gene expression
and renal phosphate transport are substantially higherlecting duct cells for the remainder of gestation. The
present study now suggests that STC may be of particular in neonates [19–21] and that there is reduced proximal

Fig. 2. In situ hybridization (ISH) and immunocytochemical (ICC) analysis of neonate mouse kidney. Coronal (A) and sagittal sections (B) on
neonate kidney following ISH with a mouse anti-sense 35S-labeled STC cRNA probe. In both panels, darkfield illumination reveals strong
hybridization in the collecting ducts (arrows) radiating outwards from the inner medulla and into the superficial kidney cortex. The inset in panel
B is an adjacent tissue section hybridized with sense cRNA probe and showing no specific hybridization (control). (C and D) Higher magnifications
of A and B respectively, showing specific, collecting duct gene expression (arrows). A gene expressing ureter (U) is also visible in panel C where
hybridization is confined to the outer smooth muscle layer. (E) Correlative ICC staining on the tissue section adjacent to panel C with STC
antiserum. Note that STC immunoreactivity (STCir) is highly visible in the proximal tubules (PT), in addition to the collecting ducts. Lower levels
of STCir are also visible in the glomeruli (G) and developing tubules of the nephrogenic zone (NZ). Inset is a higher magnification of the ureter
in the lower right corner. Note the discrepancy in ISH and ICC staining. High levels of STCir were present in both the gene expressing-smooth
muscle layer (SM) and the transitional epithelium of the mucosa (E), whereas the latter contained no detectable STC mRNA (panel C). In contrast,
no staining was evident in connective tissue cells of the lamina propria (LP). On control tissue sections, no STCir was evident when the antiserum
was pre-absorbed with hSTC or non-immune rabbit serum was used in lieu of STC antiserum alone (not shown). (F ) A higher magnification of
proximal tubules (PT), collecting ducts (CD) and glomeruli from the neonate kidney in panel E. The proximal tubules are all variably stained for
STC protein, as are glomerular mesangial cells and the collecting ducts. (G) A 5-day-old mouse kidney stained by ICC for STC protein. Note the
particularly high levels of STC protein in the proximal straight tubules (arrowheads in G, asterisks in the inset). (H ) A 14-day-old mouse kidney
stained by ICC for STC protein. The inset shows a higher magnification of the STCir collecting duct cells from the inner medulla (arrowhead in
H, asterisks in the inset) intermingled with the loops of Henle that were not stained. Abbreviations in panels G and H: oc, outer cortex; ic, inner
cortex; om, outer medulla; im, inner medulla.
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Fig. 4. Increased dietary Ca2 produces no
changes in STC mRNA levels in outer medul-
lary and cortical kidney of female rats. Adult
female Wistar rats were maintained as de-
scribed in Figure 3 and STC mRNA levels
in outer medullary and cortical kidney were
quantified by Northern analysis (50 g/lane
of total RNA). Calcium gluconate treatment
had no significant effects on STC mRNA lev-
els. N  6 rats per group.
in neonates may simply be related to their greater need
for phosphate and serve to facilitate these processes.
Our histological findings further suggested that most if
not all of this STC was collecting duct-derived.
Interestingly, STC is only one of several collecting duct
genes whose expression patterns change markedly be-
tween neonates and adults. For instance, neonates are
particularly susceptible to dehydration due to the inabil-
ity of the collecting ducts to concentrate urine. In rats
and humans this has been attributed in part to the re-
duced levels of aquaporin 2 in collecting duct cells and
reduced sensitivity of the neonate collecting duct to anti-
diuretic hormone (ADH) [18, 23]. In this regard the mouse
is no different, as in our study aquaporin II mRNA levels
were lowest in neonates and then rose progressively with
age, exactly the opposite of STC. The progressive rise
in aquaporin II levels and urine concentrating ability in
general is linked to the rise in serum levels of glucocorti-
coids [18, 23], and may be likewise responsible for the
fall in STC gene expression.
In addition to an effect on renal phosphate transport,Fig. 5. Increased dietary Ca2 reduces STC mRNA levels in male inner
other studies have shown that STC increases the intesti-medullary kidney. Adult Wistar rats were maintained on regular chow
with or without 1% calcium gluconate in the drinking water for 1, 3 nal reabsorption of phosphate in porcine and rat experi-
and 6 days, at which time STC mRNA levels in inner medullary kidney mental models, while inhibiting that of Ca2 [24]. There-were quantified by Northern analysis (50 g/lane of total RNA). Cal-
fore, in two organ systems mammalian STC functionscium significantly reduced mRNA levels at all time points tested (*P 
0.05). Also, as in females, renal STC mRNA levels in untreated animals similarly to its counterpart in fishes [3, 4], albeit using
dropped fourfold between 1 and 3 days. N  6 or 7 rats per group. locally-derived instead of blood-borne hormone. The
present study attempted to build on the apparent connec-
tion between STC and mineral homeostasis by examining
tubular sensitivity to the phosphaturic effects of parathy- the effects that changing levels of dietary calcium and
roid hormone (PTH) [22]. From a physiological stand- phosphate have on renal STC gene expression. Our data
point, this likely aids the more rapid rate of growth and showed that increasing the levels of available dietary
greater requirements for phosphate in neonates. Viewed calcium or restricting the intake of dietary phosphate
both significantly reduced the levels of STC mRNA.in this context, the higher levels of STC gene expression
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Fig. 6. Increased dietary Ca2 increases ovar-
ian levels of STC mRNA. Rats were treated as
described in Figure 2 and ovarian STC mRNA
levels were quantified by Northern analysis
(30 g/lane of total RNA). Calcium gluconate
had no effect after one day but significantly
increased mRNA levels by 3 days (*P 0.05).
N  6 rats per group.
Table 2. Plasma calcium and phosphate levels in male rats onTable 1. Plasma calcium and phosphate levels in male rats on
drinking water with and without 1% calcium gluconate normal, low and high phosphate diets for 1 and 3 days
Day 1 Day 3Control Calcium gluconate
Diet Calcium Calcium PO4Time Ca2 PO4 Ca2 PO4 P
Day 1 13.90.2 13.20.4 14.10.2 12.80.4 NS Normal phosphate 11.60.15 12.20.15 10.70.44
Low phosphate 12.20.23a 14.30.21b 7.80.41bDay 3 140.2 12.00.4 14.10.2 12.70.3 NS
Day 6 14.10.2 12.60.2 14.30.2 12.60.4 NS High phosphate 11.70.15 11.40.17b 9.50.50
Each data point is shown as the meanSEM of 8 animals per group.
a P  0.05, b P  0.01 as compared to the normal phosphate diet
Adding Ca2 to the drinking water in quantities that were
insufficient to raise serum Ca2 levels caused sustained
ing duct located there sensitive to changes in tubularreductions in STC mRNA levels, most notably in inner
calcium only [26]. While calcium gluconate treatment inmedullary kidney. Males and females responded simi-
our study had no measurable effects on serum Ca2 lev-larly and the response was specific to kidney, as similar
els, it undoubtedly raised tubular fluid Ca2 levels in theeffects were not seen on STC gene expression in the
terminal portion of the nephron. Therefore, the reduc-ovaries. As STC is not produced in loop of Henle or
tion in inner medullary collecting duct STC mRNA levelsvasa recta cells [7, 25] the effect had to be specific to
were likely due to calcium signaling from the lumen.collecting duct cells. A weaker trend also was evident in
Whether or not this calcium effect on STC message levelscortical and outer medullary kidney, suggesting that the
is related in any way to calcium’s ability to alter tubulargene may be differentially regulated in the more superfi-
water permeability remains to be seen. If true, one wouldcial parts of the collecting duct.
expect to see changes in the levels of STC gene expressionThe presence of calcium-sensing receptors make rat col-
in response to changes in hydration status. In this regard,lecting duct cells exquisitely sensitive to changes in extracel-
it may be interesting to note that in fishes, removing thelular calcium [26], such that a rise in serum or tubular Ca2
corpuscles of Stannius—their major source of STC—causeslevels blunts cellular responsiveness to ADH in terms of
not only hypercalcemia but also increases water intakeits effects on water permeability [27–31]. Because this pre-
[32]. Hence, if any connections prove to exist betweenvents filtrate calcium concentrations from rising to precipi-
collecting duct-derived STC and fluid homeostasis, thetable levels, the response is believed to be part of the
relationship may actually be rooted in lower vertebrates.kidney’s defense against stone formation. In inner med-
Stanniocalcin gene expression also was suppressed inullary collecting duct cells, the receptors are exclusively
sited on the luminal cell membranes, making the collect- animals on a low phosphate diet and, in addition, caused
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Fig. 7. High and low phosphate diets have
opposite effects on renal STC mRNA levels.
Adult male rats were maintained on normal
(C), low (L) and high phosphate diets (H) for
1 and 3 days, at which time the kidneys were
removed. The inner medullary kidney was re-
moved and extracted for total RNA. The re-
maining cortical and outer medullary tissue
also was extracted for total RNA and all sam-
ples were subjected to Northern analysis (50g/
lane of total RNA). STC mRNA levels in in-
ner medullary kidney were unchanged by di-
etary phosphate content (not shown). How-
ever, STC mRNA levels in cortical and outer
medullary kidney were significantly reduced by
the low phosphate diet after 1 and 3 days, and
significantly elevated by the high phosphate
diet after 3 days of treatment (**P  0.05).
significant increases in serum calcium levels. Here how- late both Npt2 activity and vitamin D synthesis in the
proximal tubules, both of which would serve to increaseever, the negative effects on STC mRNA levels were
seen in cortical and outer medullary kidney, not inner renal phosphate reabsorption [36–40]. In addition, the
release of PTH also is suppressed by low phosphate diets,medulla. High phosphate diets, on the other hand, in-
creased STC mRNA levels in cortical and outer medul- which would augment phosphate reabsorption even fur-
ther [34, 35, 41]. As there is no real need for either alary kidney. The obvious difference between studies was
that, whereas changing dietary phosphate had pro- phosphate-conserving or anti-hypercalcemic hormone
under these circumstances, this could explain the down-nounced effects on serum Ca2 levels, calcium gluconate
in the drinking water did not. Furthermore, as Ca2 sens- regulation of STC gene activity by a low phosphate diet.
High phosphate diets, on the other hand, have directing receptors are present throughout the entire collecting
duct system, it is possible that different regulatory mech- inhibitory effects on Npt2 activity and promote the re-
lease of PTH to further inhibit phosphate activity [34,anisms with differing sensitivities to Ca2 were triggered
in the two studies [26, 33]. In addition to this supposition, 35, 42]. Under these circumstances STC gene expression
may be specifically up-regulated to counterbalance thechanging levels of dietary phosphate also affected serum
phosphate levels, and in view of the phosphate-sensing potential hypophosphatemic and hypercalcemic effects
of PTH. Viewed in this context, the role of STC may beabilities in cells for which there is compelling evidence
in the case of regulated PTH secretion [34, 35], simulta- not unlike that of glucagon in counteracting the hyper-
glycemic effects of insulin.neous changes in both calcium and phosphate may have
produced confounding effects on STC mRNA levels. In summary, we have shown that renal levels of STC
gene expression are highest in neonatal rodents and dropIf we assume that the phosphate-conserving actions
of STC are directed to preventing hypercalcemia as they progressively as they mature into adults. Most, if not all,
of the STC produced in the kidneys is generated byare in fishes, then the results of the phosphate diet experi-
ments were contrary to what was expected. We antici- collecting duct cells. Upon release, it apparently is tar-
geted to or sequestered by cells of the developing proxi-pated that high calcium and low phosphate diets would
up-regulate renal STC mRNA levels, when if fact the mal nephron segments. The sequestering of STC by puta-
tive target cells is a phenomenon we have observed inopposite occurred. Therefore, as an alternative explana-
tion for these findings, we have considered the possibility both adult and embryonic kidney, and in other tissues
such as ovary and testis [7–9, 15, 16, 43]. Recently, it alsothat mammalian STC may still be important in prevent-
ing hypercalcemia, but only when PTH is present, and has been observed in fish kidney [44]. The sequestering of
polypeptide hormones by target cells has become theso STC production may only be up-regulated under cir-
cumstances that favor PTH release. For instance, it is subject of growing interest, particularly in the case of
PTH related protein (PTHrP) and its cognate receptor,well established that the low levels of dietary phosphate
responsible for reducing STC mRNA levels also up-regu- the type 1 PTH/PTHrP receptor [45–48]. Alone or in
Deol et al: Stanniocalcin in kidney 2151
molecular guard of neurons during cerebral ischemia. PNAS 97:combination, ligand and receptor are sequestered by tar-
3637–3642, 2000
get cell nucleoli. Evidence has shown that both importin 15. Varghese R, Wong CKC, Deol H, et al: Characterization of the
human and mouse stanniocalcin genes. Endocrinology 139:4714–beta and the nucleolar targeting signal in PTHrP mediate
4725, 1998endocytosis and nucleolar translocation independent of
16. Niu PD, Olsen HS, Gentz R, et al: Immunolocalization of stannio-
the receptor [45, 47]. Precisely what its role is here re- calcin in human kidney. Mol Cell Endocrinol 137:155–159, 1998
17. Baylink D, Wergedal J, Stauffer M: Formation, mineralizationmains to be seen, but there is evidence to suggest it is
and resorption of bone in hypophosphatemic rats. J Clin Investinvolved in RNA processing [46]. STC differs in that
50:2519–2530, 1971
the majority of cell immunoreactivity is confined to the 18. Aperia A, Celci G: Ontogenic processes in nephron epithelia, in
The Kidney: Physiology and Pathophysiology, edited by Seldincytoplasm. However, the intricate story unfolding in the
DW, Giebisch G, New York, Raven Press, 1992, pp 803–828case of PTHrP now forces us to consider the possibility
19. Spitzer A, Chevalier RL: The developing kidney and the pro-
that STC, like PTHrP, might also be translocated to a cess of growth, in The Kidney: Physiology and Pathophysiology,
edited by Seldin DW, Giebisch G, New York, Raven Press, 1992,specific subcellular compartment following its sequestra-
pp 829–883tion by target cells.
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